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Abstract
Background: Epidemiologic studies have linked exposure to traffic-generated air and noise pollution with a wide
range of adverse health effects in children. Children spend a large portion of time at school, and both air pollution
and noise are elevated in close proximity to roads, so school location may be an important determinant of
exposure. No studies have yet examined the proximity of schools to major roads in Canadian cities.
Methods: Data on public elementary schools in Canada’s 10 most populous cities were obtained from online
databases. School addresses were geocoded and proximity to the nearest major road, defined using a standardized
national road classification scheme, was calculated for each school. Based on measurements of nitrogen oxide
concentrations, ultrafine particle counts, and noise levels in three Canadian cities we conservatively defined
distances < 75 m from major roads as the zone of primary interest. Census data at the city and neighborhood
levels were used to evaluate relationships between school proximity to major roads, urban density, and indicators
of socioeconomic status.
Results: Addresses were obtained for 1,556 public elementary schools, 95% of which were successfully geocoded.
Across all 10 cities, 16.3% of schools were located within 75 m of a major road, with wide variability between cities.
Schools in neighborhoods with higher median income were less likely to be near major roads (OR per $20,000
increase: 0.81; 95% CI: 0.65, 1.00), while schools in densely populated neighborhoods were more frequently close to
major roads (OR per 1,000 dwellings/km
2: 1.07; 95% CI: 1.00, 1.16). Over 22% of schools in the lowest
neighborhood income quintile were close to major roads, compared to 13% of schools in the highest income
quintile.
Conclusions: A substantial fraction of students at public elementary schools in Canada, particularly students
attending schools in low income neighborhoods, may be exposed to elevated levels of air pollution and noise
while at school. As a result, the locations of schools may negatively impact the healthy development and
academic performance of a large number of Canadian children.
Introduction
Motor vehicles are a major source of both air and noise
pollution in communities. Epidemiologic studies have
linked exposure to traffic-generated air pollution with a
wide range of adverse effects in children including reduced
lung function [1], decrements in lung growth [2], incident
asthma [3], otitis media [4], and decreased cognitive func-
tion [5]. Chronic exposure to traffic noise among children
has been linked with increased blood pressure [6], reduced
sleep quality [7], and cognitive deficits [8].
For children, school is an important environment for
exposure to traffic-related pollution due to the amount of
time spent there [9]. According to the Canadian Human
Activity Pattern Survey, children 11-17 years spend an
average of 12% of time of their time at school, making it
the second most common microenvironment, while for
children < 11 years school is the 3
rd most important
microenvironment, accounting for 6% of time on average
[10]. Both noise and traffic-generated air pollutants such
as diesel soot, ultrafine particles, oxides of nitrogen (NOx),
and carbon monoxide are elevated within approximately
100-500 meters of major roadways [11-15], so the proxi-
mity of schools to major roads may be an important deter-
minant of exposure. A study in the Netherlands found that
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soot exposure was 30% higher and NOx exposure was 37%
higher than among children attending a school in a back-
ground location [16]. Students attending schools close to
major roads can be exposed to traffic-related air pollution
even while indoors because outdoor pollution infiltrates
into classrooms [17,18]. Inverse correlations between con-
centrations of traffic-related air pollution inside class-
rooms and distance to the nearest major road have been
reported [19,20].
Several studies have quantified the distances from
s c h o o l st om a j o rr o a d si nt h eU S[ 2 1 - 2 4 ] ,b u tn or e s u l t s
for schools in other countries have been published. Here
we present the results from an investigation of the road-
way proximities of public elementary schools in the ten
largest Canadian cities. Our objectives were to: 1) validate
the use of roadway proximity as a surrogate for outdoor
concentrations of traffic-generated air and noise pollution
using measurements from previous field studies; 2) deter-
mine the proximities of public schools to major roads; and
3) explore urban characteristics and socio-economic indi-
cators as correlates of schools’ proximities to major roads.
Methods
Schools Data
Public elementary schools for the 10 most populated cities
in Canada were chosen for this analysis as children in this
age group may be particularly susceptible to the effects of
environmental pollutants. Elementary schools were
defined as those with students in kindergarten through
grade 5 (schools with students in other grades were
included if their enrollment also included students in
grades of interest). We included only public schools due
primarily to concerns about the quality and completeness
of private school data in provincial databases. In addition,
only about 6% of Canadian students attend private schools
[25]. Cities from five provinces were included in the analy-
sis. In Ontario: Toronto, Hamilton, Mississauga and
Ottawa; in Quebec: Montreal and Quebec City; in Alberta:
Calgary and Edmonton; in British Columbia: Vancouver;
and in Manitoba: Winnipeg. For each city we only
included schools within the municipality as defined by the
census subdivision (i.e., we did not include schools in sub-
urban communities). We included only urban areas pri-
marily due to their higher levels of traffic-related air
pollution and noise and concerns about geocoding accu-
racy in low density communities [26,27]. In addition, the
majority of pollution measurements used to validate road
proximity as a surrogate for pollution levels (described
below) were collected in urban areas. To evaluate the sen-
sitivity of our results to the exclusion of suburban commu-
nities, we randomly selected one census subdivision
adjacent to each of five of our cities and geocoded the
locations of schools in those five suburbs (the adjacent
census subdivisions were Burlington, Brampton, Laval,
Markham, and Richmond; these are adjacent to Hamilton,
Mississagua, Montreal, Toronto, and Vancouver,
respectively).
Relevant school attributes included the address, grade
levels and type of school (public, private or other). As
information regarding Canadian educational institutions is
not centrally collected, the majority of this information
resides with the provincial Ministries of Education (MoE).
As a result, the availability and format of these data differ
by province. Public school locations were collected using
data available from the MoE websites for each province
[see Additional file 1].
School Geocoding and Road Proximity Calculations
We used the commercially available DMTI CanMap road
network to identify road locations and attributes (DMTI
Spatial, Markham, ON). This product covers Canada and
divides roads into 6 categories. In our primary analysis we
combined DMTI road categories 1 (expressways, usually
four lanes), 2 (principal highways, which are multi-lane
conduits for intracity traffic), 3 (secondary highways,
which are typically thoroughfares with multiple lanes and
large traffic capacity), and 4 (major roads, used for shorter
trips within the city) into a single layer (henceforth “major
roads”) for analysis of school proximities [28]. GeoPin-
P o i n t( G P P )s o f t w a r e ,ap r o d u c to fD M T I ,w a su s e dt o
geocode school addresses into latitude/longitude coordi-
nates using a 10 m offset from the road’s centerline.
Designed for use within Canada, GPP uses the DMTI road
network and allows for the geocoding of French-language
addresses. In addition, it provides a summary output that
details the number of schools successfully geocoded.
After geocoding, we calculated the distance from each
school to the nearest major road using ArcGIS 9.2 (ESRI,
Redland, CA). As a secondary analysis, we also quantified
the distance from each school to the nearest expressway
or principal highway (DMTI road categories 1 and 2) to
allow for comparisons with previous studies in the US
[21-23].
Assessing Geocoding Accuracy
Because school buildings and grounds cover large areas,
and because geocoding of schools can produce substantial
location errors [27], we manually determined the locations
of a subset of schools for comparison with our automated
geocoding results. First, we selected schools with geocoded
locations within 200 m of a major road (N = 533). From
these we randomly selected 148 schools (10% of the 1,476
schools in the analysis) while requiring that at least five
schools from each city be included. For each of these 148
schools, we then used satellite images from Google Maps
to manually determine the coordinates of the point of the
school building nearest to a major road and calculated the
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using ArcGIS. The major road proximities assessed by this
manual method were considered the “true” distances for
comparison with the distances estimated from the GPP
geocoding procedure.
Pollution Data
We used measurements from previous field sampling
campaigns in Edmonton, Vancouver, and Winnipeg to
validate the assumption that roadway proximity acts as a
surrogate for concentrations of traffic-generated air pollu-
tion and noise. Nitrogen oxide (NO) concentrations were
measured on a 2-week basis using passive Ogawa samplers
at 50 locations each in Edmonton and Winnipeg [29] and
105 locations in Vancouver [30]. Locations were selected
t oc o v e rt h es t u d ya r e a sa n dt oc a p t u r eaw i d er a n g eo f
road proximities. Each location was monitored twice in
different seasons, and the two measurements at each loca-
tion were combined to estimate the long-term average
concentration. Abernethy et al. [31] measured concentra-
tions of ultrafine (< 0.1 μm diameter) particles, another
traffic-generated air pollutant, for 1-hour periods at 80 of
the NO monitoring locations in Vancouver using conden-
sation particle counters (TSI CPC 3007, Shoreview, MN).
Measurements were adjusted to account for temporal var-
iation in ultrafine particle concentrations, and compari-
sons of measurements collected in different seasons
suggest that 1-hour measurements represent long-term
conditions. Davies et al. [32] measured 5-min equivalent
continuous sound pressure levels (Leq)a tt h eN Om o n i t o r -
ing locations in Vancouver using a Larson Davis 870B
sound level meter (Larson Davis, Depew, NY). We have
previously shown a strong correlation between 5-min
noise levels measured in different seasons [11], suggesting
that these measurements are indicative of long-term noise
levels. The locations of these NO, ultrafine particle, and
noise measurements were recorded by field technicians
using GPS. We used ArcGIS to calculate the distance
from the measurement locations to the nearest major
road, defined using the same DMTI data and road classifi-
cation scheme as in the school proximity calculations.
Correlates of Road Proximity
Data from the 2006 Canadian census were used to evalu-
ate the relationship between schools’ proximities to major
roads and both dwelling density and socio-economic vari-
ables. Because we hypothesized that both city- and neigh-
borhood-level characteristics might be correlated with
proximity, we obtained data for the census subdivision
(CSD) and census tract (CT) in which each school is
located. CSD areas correspond to city boundaries, while
CTs typically have populations between 2,500 and 8,000
and are useful proxies for neighborhoods in Canada [33].
Specific variables included dwelling density at both the
city (CSD) and neighborhood (CT) levels as well as med-
ian income and percent of population without a high
school diploma or equivalent at the neighborhood level
[23]. Socio-economic variables were not considered at the
city level because these variables are assumed to be mean-
ingful primarily in the local context and may not be
directly comparable between cities due to differences in
costs of living or other factors. To account for clustering
within cities and neighborhoods, we used mixed models
with random intercepts at the city and neighborhood
levels. We modeled school proximity as a binary proximity
variable with 75 m cut point (PROC GLIMMIX, SAS v9.2)
and also as a continuous variable (PROC MIXED).
Although the influence of traffic-generated air pollution
and noise extends well beyond 75 m [14], we chose this
distance to be conservative, given geocoding errors and
the relatively large areas of schools and playgrounds. To
evaluate the sensitivity of model results to the choice of
binary distance, we also modeled school proximity as a
binary variable using 200 m cut point. Contrasts in predic-
tor variables were scaled to roughly correspond to inter-
quartile ranges (IQR) to allow for comparisons of effect
sizes between variables.
Results
Addresses were obtained for a total of 1,556 public ele-
mentary schools, 1,476 (94.9%) of which were successfully
geocoded into a latitude/longitude location (Table 1). The
geocoding success rate in individual cities ranged between
75.7% (in Calgary) and 100% (in four cities). Variables
affecting geocoding success included addresses with no
match in the road network and use of post office boxes as
mailing addresses. The populations in the 10 cities
included in this analysis ranged between approximately
490,000 in Quebec City and 2.5 million in Toronto [34].
The combined population of these 10 cities was approxi-
mately 9.5 million, or nearly one third of the total Cana-
dian population.
Pollution measurements in Edmonton, Vancouver, and
Winnipeg were inversely correlated with the natural loga-
rithm of distance to the nearest major road, with stronger
correlations in Winnipeg (r = -0.44; p < 0.01) and Van-
couver (r = -0.50 to -0.61; p < 0.01) than in Edmonton
(r = -0.27; p = 0.06). Similar correlations were found
when including only measurements within 200 m of a
major road. Based on these measurements we conserva-
tively defined ‘near roads’ as < 75 m (Figure 1). Mean (±
SD) NO concentrations measured < 75 m from the near-
est major road were greater than those measured ≥ 75 m
in both Winnipeg (14.4 ± 7.3 ppb vs. 9.5 ± 4.2 ppb; 2-sam-
ple t-test p-value: < 0.01) and Vancouver (48.1 ± 20.3 ppb
vs. 23.4 ± 11.3 ppb; p < 0.01). In Edmonton the difference
was less pronounced (15.6 ± 7.4 ppb vs. 12.6 ± 4.1 ppb;
p = 0.17). Ultrafine particles (26,000 ± 18,200 p/cc vs.
Amram et al. International Journal of Health Geographics 2011, 10:68
http://www.ij-healthgeographics.com/content/10/1/68
Page 3 of 11T
a
b
l
e
1
C
i
t
y
c
h
a
r
a
c
t
e
r
i
s
t
i
c
s
a
n
d
p
r
o
x
i
m
i
t
i
e
s
o
f
p
u
b
l
i
c
e
l
e
m
e
n
t
a
r
y
s
c
h
o
o
l
s
t
o
m
a
j
o
r
r
o
a
d
s
C
i
t
y
C
i
t
y
P
o
p
u
l
a
t
i
o
n
a
C
i
t
y
A
r
e
a
(
k
m
2
)
a
C
i
t
y
P
o
p
u
l
a
t
i
o
n
D
e
n
s
i
t
y
(
p
e
r
s
o
n
s
/
k
m
2
)
a
C
i
t
y
D
w
e
l
l
i
n
g
D
e
n
s
i
t
y
(
d
w
e
l
l
i
n
g
s
/
k
m
2
)
a
M
e
d
i
a
n
(
I
Q
R
)
S
c
h
o
o
l
N
e
i
g
h
b
o
r
h
o
o
d
D
w
e
l
l
i
n
g
D
e
n
s
i
t
y
(
d
w
e
l
l
i
n
g
s
/
k
m
2
)
b
M
e
d
i
a
n
(
I
Q
R
)
S
c
h
o
o
l
N
e
i
g
h
b
o
r
h
o
o
d
I
n
c
o
m
e
(
$
1
0
,
0
0
0
)
b
M
e
d
i
a
n
(
I
Q
R
)
S
c
h
o
o
l
N
e
i
g
h
b
o
r
h
o
o
d
%
P
o
p
u
l
a
t
i
o
n
W
i
t
h
o
u
t
H
S
D
i
p
l
o
m
a
(
%
)
b
#
o
f
S
c
h
o
o
l
s
S
u
c
c
e
s
s
f
u
l
l
y
G
e
o
c
o
d
e
d
G
e
o
c
o
d
i
n
g
S
u
c
c
e
s
s
R
a
t
e
(
%
)
D
i
s
t
a
n
c
e
t
o
t
h
e
N
e
a
r
e
s
t
H
i
g
h
w
a
y
o
r
M
a
j
o
r
R
o
a
d
M
e
a
n
(
±
S
D
)
M
e
d
i
a
n
T
o
r
o
n
t
o
2
,
5
0
3
,
2
8
1
6
3
0
3
,
9
7
2
1
,
5
5
4
1
,
8
0
5
(
1
,
7
7
4
)
5
.
4
6
(
2
.
1
1
)
7
.
0
(
6
.
5
)
4
8
7
1
0
0
.
0
2
6
5
±
1
9
7
2
4
0
M
o
n
t
r
e
a
l
1
,
6
2
0
,
6
9
3
3
6
5
4
,
4
3
9
2
,
0
3
6
4
,
0
5
8
(
3
,
7
8
0
)
3
.
6
1
(
0
.
8
6
)
8
.
5
(
6
.
1
)
1
6
9
9
5
.
5
1
8
1
±
1
5
6
1
5
6
C
a
l
g
a
r
y
9
8
8
,
1
9
3
7
2
7
1
,
3
6
0
5
3
0
9
7
3
(
5
2
7
)
6
.
4
2
(
2
.
3
7
)
4
.
7
(
4
.
6
)
8
4
7
5
.
7
4
3
1
±
2
7
5
3
6
6
O
t
t
a
w
a
8
1
2
,
1
2
9
2
,
7
7
8
2
9
2
1
1
6
9
1
0
(
8
9
2
)
7
.
7
6
(
3
.
8
1
)
3
.
5
(
2
.
8
)
1
1
6
1
0
0
.
0
3
4
6
±
2
9
8
2
7
8
E
d
m
o
n
t
o
n
7
3
0
,
3
7
2
6
8
4
1
,
0
6
7
4
3
5
9
8
7
(
4
9
8
)
5
.
7
1
(
2
.
2
2
)
7
.
9
(
6
.
3
)
1
3
7
8
7
.
3
3
6
2
±
1
9
3
3
4
6
M
i
s
s
i
s
s
a
u
g
a
6
6
8
,
5
4
9
2
8
9
2
,
3
1
7
7
4
5
1
,
1
8
5
(
1
,
0
1
2
)
7
.
5
1
(
2
.
7
0
)
5
.
6
(
3
.
2
)
1
0
3
1
0
0
.
0
4
4
5
±
2
3
3
3
9
7
W
i
n
n
i
p
e
g
6
3
3
,
4
5
1
4
6
4
1
,
3
6
5
5
6
3
1
,
1
6
2
(
7
3
6
)
4
.
9
3
(
2
.
3
6
)
7
.
8
(
5
.
7
)
1
6
3
9
7
.
0
4
0
2
±
2
9
0
3
6
8
V
a
n
c
o
u
v
e
r
5
7
8
,
0
4
1
1
1
4
5
,
0
3
9
2
,
2
0
9
1
,
7
6
1
(
1
,
1
8
5
)
5
.
1
7
(
1
.
2
3
)
6
.
6
(
7
.
6
)
9
3
8
6
.
9
2
1
2
±
1
5
3
1
9
1
H
a
m
i
l
t
o
n
5
0
4
,
5
5
9
1
,
1
1
7
4
5
2
1
7
4
1
,
1
5
2
(
1
,
0
4
5
)
5
.
8
7
(
3
.
0
1
)
7
.
7
(
4
.
0
)
9
8
1
0
0
.
0
2
7
8
±
2
1
7
2
6
5
Q
u
e
b
e
c
4
9
1
,
1
4
2
4
5
4
1
,
0
8
1
5
0
2
3
,
1
6
6
(
3
,
5
8
2
)
3
.
3
7
(
2
.
2
2
)
6
.
5
(
6
.
0
)
2
6
8
1
.
3
2
5
7
±
1
9
8
2
1
7
A
l
l
9
,
5
3
0
,
4
1
0
7
,
6
2
3
1
,
2
5
0
5
0
9
1
,
3
8
5
(
1
,
5
1
5
)
5
.
4
2
(
2
.
7
3
)
6
.
7
(
6
.
2
)
1
,
4
7
6
9
4
.
9
3
1
8
±
2
2
1
2
8
2
a
2
0
0
6
c
e
n
s
u
s
s
u
b
d
i
v
i
s
i
o
n
s
t
a
t
i
s
t
i
c
s
.
b
2
0
0
6
c
e
n
s
u
s
t
r
a
c
t
s
t
a
t
i
s
t
i
c
s
.
I
Q
R
=
i
n
t
e
r
q
u
a
r
t
i
l
e
r
a
n
g
e
.
Amram et al. International Journal of Health Geographics 2011, 10:68
http://www.ij-healthgeographics.com/content/10/1/68
Page 4 of 1112,000 ± 6,200 p/cc; p < 0.01) and noise (70.2 ± 5.7 dBA
vs. 57.9 ± 6.5 dBA; p < 0.01) in Vancouver were also sig-
nificantly elevated within 75 m of major roads. In fact, in
Vancouver the influence of major roads extended to
approximately 200 m (Figure 1). Concentrations within
200 m of a major road were significantly higher than those
≥ 200 m for NO (39.7 ± 20.1 ppb vs. 20.6 ± 9.1 ppb; 2-
sample t-test p-value: < 0.01), ultrafine particles (21,300 ±
16,300 p/cc vs. 11,700 ± 6,400 p/cc; p < 0.01), and noise
(65.1 ± 8.2 dBA vs. 57.2 ± 6.6 dBA; p < 0.01).
Across all 10 cities, 16.3%o fs c h o o l sw e r el o c a t e d
within 75 m of a major road (Figure 2). There was con-
siderable variability between cities, ranging between 2.9%
of schools in Mississauga, Ontario and 33.7% in Mon-
treal, Quebec. Using a less conservative cut-off distance
of 200 m, 36.1% of schools were located close to a major
road, ranging between 11.7% of schools in Mississauga
and 58.0% in Montreal (Figure 2). There was not a strong
east-west gradient in school proximities by city. When
considering only expressways or principal highways
(DMTI road categories 1 and 2) to allow for comparisons
with previous studies in the US, we found that 4.7% of
schools were located within 200 m, ranging between 0%
in both Calgary and Hamilton and 16.0% in Montreal.
Based on comparisons between five cities and commu-
nities adjacent to each, we found that a larger percentage
of schools included in our analysis were located near
major roads than schools in adjacent communities. In
Hamilton, Mississauga, Montreal, Toronto, and Vancouver
18.7% of 950 schools were within 75 m of a major road,
while in the five selected adjacent communities 9.3% of
236 schools were within 75 m. The cities all had higher
percentages of proximate schools than their adjacent com-
munities, with the exception of Mississauga, where the
percentage of schools within 75 m of a major road (2.9%)
was lower than the adjacent community of Brampton
(4.1%).
When modeling schools’ proximities to major roads as a
binary variable (< 75 m or ≥ 75 m) we found that both
higher neighborhood dwelling density (OR per 1,000 dwell-
ings/km
2 increase: 1.07; 95% CI: 1.00, 1.16) and lower
neighborhood median income (OR per $20,000 increase:
0.81; 95% CI: 0.65, 1.00) were associated with closer school
proximity to the nearest major road (Table 2). Similar
results were observed when schools were categorized as <
200 m or 200 m, and when school proximity was modeled
as a continuous variable (Table 2). For example, for each
$20,000 increase in median neighborhood income, schools
were an average of 47 m (95% CI: 33, 61) further from
major roads. The relationship between neighborhood med-
ian income and school proximity to roads is summarized
Figure 2 Percent of public elementary schools that are located
close to a highway or major road by city.
Figure 1 Measured nitrogen oxide, ultrafine particles, and noise vs. distance to the nearest major road in three Canadian cities. Lines
in the upper plots are locally weighted regression curves fit to the data. Solid lines in boxplots represent medians; dashed lines represent means.
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Page 6 of 11in Figure 3, which shows the percent of schools in close
proximity to major roads in each city-specific neighbor-
hood-level income quintile. Of the schools located in the
poorest neighborhoods in each city, more than 22% are <
75 m from a major road. In the highest income quintile
only 13% of schools are within 75 m of a major road. The
same relationship with neighborhood income was observed
when close proximity was defined < 200 m (Figure 3).
For the 148 schools that were manually located, the
median absolute value difference in estimated major
road proximity between the GPP geocoded locations
and the manually determined locations was 26 m
(range: 0 - 244 m). In general, the automated geocoding
procedure resulted in similar road proximity (median
distance: 89 m; range: 1 - 200 m) as the manual proce-
dure (median distance: 81 m; range: 6 - 301 m). When
dichotomizing the 148 schools as < 75 m or ≥ 75 m
from the nearest major road, 119 schools (80%) were
placed in the same category by both methods (Table 3).
Of the 71 schools automatically geolocated within 75 m
of a major road by GPP, 79% were actually within 75 m
of a major road, 87% were actually within 100 m, 90%
were actually within 150 m, and 97% were actually
within 200 m.
Discussion
We found that 16.3% of schools in Canada’s1 0l a r g e s t
cities were located within 75 m of a highway or major
road. To our knowledge this is the first such study outside
of the US. Unlike previous studies of schools’ proximities
to major roads, we used measurement data to demonstrate
a clear relationship between proximity to major roads and
elevated levels of traffic-related noise and air pollution,
and defined close proximity based on those measure-
ments. A growing body of epidemiologic evidence links
chronic exposure to traffic-related air pollution and noise
with a wide range of health effects in children [1-6,13,35].
Thus, poorly sited schools may be placing a sizable frac-
tion of Canadian public elementary school students at
increased risk of adverse health effects. In addition, there
is evidence that both noise [36,37] and air pollution [38] at
schools may negatively affect academic performance.
Several studies have examined schools’ proximities to
major roads in the US. A study in California found that
approximately 7.2% and 2.3% of public schools were
within 150 m of medium (25,000-49,999 vehicles/day) and
high traffic (≥ 50,000 vehicles/day) roads, respectively [23].
A similar study in Detroit found that 4.9% of schools were
within 150 m of high traffic (≥ 50,000 vehicles/day) roads
[22]. These results are generally consistent with our find-
ing that 4.7% of schools were within 200 m of an express-
way or principal highway. Most recently, Appatova et al.
calculated roadway proximities for public schools in 9
major US cities and reported that 33% of schools were
within 400 m of a major roadway (defined as federal inter-
state, US highway, or state highway) and nearly 12% were
within 100 m [21].
Instead of using traffic volumes we defined major roads
using the DMTI road classification scheme, which is stan-
dardized for roads across Canada. Although road cate-
gories are imperfect surrogates for pollution
concentrations due to variability in traffic flows, vehicle
types, and pollution emissions, our decision to define
major roads using DMTI categories was supported by
clear relationships with measured NO, ultrafine particles,
and noise in 3 Canadian cities. A study in Vancouver
found that roads in DMTI categories 1-4 (our definition of
“major road”) had mean daily traffic counts of 114,000,
21,000, 18,000, and 15,000 vehicles/day, respectively [28].
Our choice to define close proximity as only < 75 m from
a major road for our primary analysis was more conserva-
tive than previous studies.
Our finding that neighborhood-level income correlated
with school proximity to major roads has important envir-
onmental justice implications and is consistent with sev-
eral previous studies indicating a relationship between
socioeconomic status and environmental quality around
schools. For example, Green et. al. [23] found that several
indicators of lower socioeconomic status - including per-
centage of students receiving reduced-price meals at
school, percentage of census tract population with income
below poverty level, and percentage of census tract popu-
lation with no high school diploma - were positively asso-
ciated with traffic within 150 meters of schools in
California. Similarly, Wu et al. [22] found that students
attending schools near high traffic roads in and around
D e t r o i tw e r em o r el i k e l yt ob ee t h n i cm i n o r i t i e sa n dt o
reside in a low-income area. A study in Sweden reported
an inverse correlation between NO2 concentrations
Figure 3 Percent of public elementary schools that are located
close to a highway or major road by city-specific quintile of
median neighborhood-level income at the school location.
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Page 7 of 11outside schools and neighborhood income [39]. Houston
et al. reported that child care facilities in disadvantaged
areas in California were more likely to be situated near
busy roads than facilities in more affluent areas [40].
Unfortunately, our data did not enable us to investigate
the chronology of school and road construction and
neighborhood-level income changes, and more research is
needed to understand the underlying causes of our find-
ings. For example, it might be useful to explore whether
low-income residents are drawn to neighborhoods with
schools close to roads (e.g., due to lower housing prices),
or if low-income neighborhoods are more likely to have
s c h o o l sa n dr o a d sc o n s t r u c t ed in close proximity to one
another (e.g., due to low-income residents having less
influence on community decision-making) [41].
The relationship between neighborhood dwelling density
and proximity demonstrates the challenge in balancing the
health risks of environmental pollution with the potential
benefits of urban living. Dwelling density and other indica-
tors of urban “compactness” are often seen as desirable
due to associations with increased physical activity [42,43]
and decreased risks of obesity and associated morbidities
[44-47]. However, our results and others’ suggest that den-
sity may also lead to increases in exposure to environmen-
tal pollution. For example, Marshall et al. [48] found that
Vancouver neighborhoods with a high walkability score
(based on residential density, intersection density, retail
floor area ratio, and land use mix) tended to also have
relatively high levels of NO.
We did not find a strong east-west gradient in the frac-
tion of schools located close to busy roads. This finding
differs from the results of Appatova et al. [21] in the US.
Their finding of a strong east-west gradient was driven
p r i m a r i l yb ys c h o o l so nt h e“urban fringe” and they did
n o tf i n dac l e a rg r a d i e n tf o rs c h o o l si nu r b a nc e n t e r s .
Thus, the lack of a clear gradient in our study may be due,
in part, to our exclusion of suburban communities.
While this study provides the first assessment of schools’
proximities to major roads outside of the US, some limita-
tions should be noted. A 2007 study estimated that the
median error for geocoded school addresses was 41 m,
with larger errors in rural locations [27]. Location errors
can be exacerbated by the large footprint of school build-
ings and surrounding playgrounds. In our assessment
based on manually locating 10% of schools we found that
the median error in estimated major road proximity was
26 m. However, the influence of location errors on our
conclusions is minimized by our conservative choice of <
75 m as the distance of primary interest. In reality, the
area of impact for vehicle emissions may extend out to
500 m depending on the specific pollutant [14]. We were
encouraged that 87% of schools geocoded within 75 m a
major road were actually within 100 m, while 90% were
actually within 150 m. An additional benefit of our conser-
vative definition of close proximity was that it reduced the
influence of representing schools as points. As schools’
sizes and layouts vary, the placement of classrooms and
playgrounds in relation to roads can also affect students’
exposures to traffic-related pollutants. Ideally, we would
have overlaid the road network on a layer representing
school footprints as polygons to calculate the portion of
each school that is located in close proximity to a major
road.
An additional limitation is that since schools data were
not available from a single provider we relied on publicly
available online data for this analysis, and this may have
not captured all schools. In addition, data for private
schools were not available or were incomplete for several
cities, so this analysis included only public schools. How-
ever, while we may be missing some elementary schools
in these cities, it seems unlikely that the roadway proxi-
mities of the missing schools would be systematically dif-
ferent from the included schools, and thus it is doubtful
that our main findings and conclusions would be altered
substantially by missing dat a .W eo n l yi n c l u d e ds c h o o l s
within the census subdivision boundaries for major
Canadian cities. Our sensitivity analysis suggested that, in
general, schools in suburban communities were less fre-
quently located in close proximity to major roads. There-
fore, our results cannot be extrapolated outside of the
Table 3 Comparison between GeoPinPoint geocoding and manual locating for a random subset of schools
Distances Based on Google Maps Geocodes
Distances Based on GeoPinPoint
Geocodes
Number (%) of Schools <
75 m
Number (%) of Schools 75 -
100 m
Number (%) of Schools >
100 m
Totals
Number (%) of Schools < 75 m 56 6 9 71
(38%) (4%) (6%) (48%)
Number (%) of Schools 75 - 100 m 5 1 2 8
(3%) (1%) (1%) (5%)
Number (%) of Schools > 100 m 9 9 51 69
(6%) (6%) (34%) (47%)
Totals 70 16 62 148
(47%) (11%) (42%) (100%)
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Page 8 of 11cities included in this analysis. Nevertheless, since we
included the 10 largest Canadian cities, which account
for nearly one third of the Canadian population, our
results apply to a large proportion of Canadian elemen-
tary students. Finally, we only considered the school
environment, but other microenvironments and activities
may make substantial contributions to the air pollution
and noise exposures of school-aged children. For exam-
ple, children can receive high exposures to some pollu-
tants while commuting on diesel school buses [49],
although exposures depend on a wide range of factors
including emissions controls[ 5 0 ] ,f u e l s[ 5 1 , 5 2 ] ,a n d
routes [52]. The relationship between school location
and students’ exposures is complicated by the fact that
school location may affect accessibility and the amount
of time that students spend in transit. In addition, attend-
ing a school located near a major road may also influence
health by discouraging walking and cycling to school
[53].
There are several possibilities for minimizing students’
air pollution and noise exposures in and around schools.
Concentrations of traffic-related air pollution can be
reduced both by technical improvements that reduce
per-vehicle emissions, such as improved engine effi-
ciency, and urban planning/policy efforts that reduce
automobile use, such as public transit enhancements and
improvements in cycling infrastructure. New schools
could be set back from major traffic corridors, and it may
also be beneficial to orient the school facilities such that
the outdoor playgrounds are located as far as possible
from major roads [54]. For example, California State Bill
352 requires health risk assessments to be conducted for
proposed school sites that are within 150 m of a busy
roadway [55], while legislation in New Jersey (Assembly
Bill 856, which was motivated by safety concerns and not
environmental pollution) forbids the construction of new
highway ramps within 300 m of an existing school [56].
The importance of traffic-related pollution in school sit-
ing decisions is also gaining recognition in Canada. For
example, the British Columbia Ministry of Environment
recommends that schools and other sensitive facilities be
placed at least 150 m from roads with over 15,000 vehi-
cles/day [57]. Given the small spatial scales over which
traffic-related air pollutants and noise vary, shifting
school locations by relatively small distances could result
in substantial reductions in students’ exposures, health
risks, and impacts on academic performance.
There are also several potential strategies for reducing
exposures at existing schools. As part of New York
City’s Asthma Free School Zone Project, Richmond-Bry-
ant et al. [58] evaluated relationships between pollution
concentrations and vehicle traffic and idling during
school dismissal periods. They concluded that programs
focused on school bus idling and redirecting school bus
traffic could have small but measurable effects on diesel
soot concentrations near schools. Some communities
have implemented programs that limit outdoor activities
during high outdoor air pollution days [59], but these
p r o g r a m sa r el i k e l yt ob em o r ee f f e c t i v ef o rh i g h l yt e m -
porally variable pollutants like ozone than for traffic
related pollutants, which are consistently elevated near
roads. Another possible strategy is to modify school
facilities. For example, the Port of Long Beach in Cali-
fornia has created a “Schools and Related Sites Grant
Program” in which schools and daycare facilities in close
proximity to the Port may apply for funding to mitigate
air pollution and noise impacts through improvements
such as installing high efficiency particulate air (HEPA)
filters in ventilation systems, replacing window and door
seals, constructing sound barriers, and installing double
glazed windows [60].
Conclusion
W ec o n d u c t e dt h ef i r s ta s s e s s m e n to fs c h o o l s ’ proximi-
ties to major roads outside of the US and found that
16% of public elementary schools were located within
75 m of highways or major roads. We conservatively
chose 75 m as the distance of interest based on mea-
surements of traffic-related air and noise pollution in 3
Canadian cities with different characteristics. There was
considerable variability between cities in the percentage
of schools located near roads, and distance to the near-
est highway or major road was correlated with neighbor-
hood income and inversely correlated with
neighborhood dwelling density. In the lowest quintile of
neighborhood income, 22% of schools were located
within 75 m of a highway or major road. A substantial
fraction of students at public elementary schools in
Canada, particularly students attending schools in low
income neighborhoods, may be exposed to elevated
levels of air pollution and noise while at school. As a
result, the school environment may negatively impact
the academic performance and healthy development of a
large number of Canadian children.
Additional material
Additional file 1: Data sources for school locations and
characteristics. The table provides the websites used to obtain school
addresses.
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